The re la tio n b e tw e e n acoustic se a flo o r b ackscatter and seep d is trib u tio n is exam ined by in te g ra tin g M o re th a n 600 active m e th a n e seeps w e re h yd ro -a co u stica lly d e te c te d w ith in a sm all (3.96 km by H igh -reso lutio n seism ic data reveal th e presence o f an u n d u la tin g gas fro n t, i.e. th e to p o f th e fre e gas in th e subsurface, w h ich dom es up to w a rd s and intersects th e se a flo o r a t loca tion s w h e re gas In te g ra tio n o f all datasets leads to th e conclusion th a t th e observed b ackscatter p a tte rn s are th e re su lt o f o ng oing m e th a n e seepage and th e p re c ip ita tio n o f m e th a n e -d e riv e d a uth ige nic carbonates (MDACs) caused by AO M . The ca rb o n a te fo rm a tio n also appears to lead to a gradual (self-)sealing o f th e seeps by ce m e n tin g flu id p a th w a y s /h o riz o n s fo llo w e d by a re lo c a tio n o f th e bubble-rele asing locations.
Introduction
In re ce n t years, co nsiderable research e ffo rts have been invested to gain a b e tte r u n d e rsta n d in g o f h ow m e th a n e em issions fro m n atu ra l m arine gas seeps c o n trib u te to th e global a tm o sp h e ric m eth an e b u d g e t (H ovland e t al., 1993; H ornafius e t al., 1999; D im itro v, 2002; Etiope and Klusman, 2002; Etiope, 2004; Judd, 2004; Kvenvolden and Rogers, 2005; Luyendyk e t al., 2005) . Given th a t m eth an e is a p o te n t greenhouse gas, w ith 21-23 tim e s th e global w a rm in g p o te n tia l as th e same mass o f carbon d io xide (Lelieveld e t al., 1998; IPCC, 2001b) , a c o rre c t assessm ent o f all n a tu ra l sources is essential to b e tte r e valua te th e hum an im p act on global a tm o sp h e ric m eth an e co n ce n tra tio n s and co n se q u e n tly on global clim a te change (IPCC, 2001a) .
The a m o u n t o f m eth an e released by n atural gas seeps fro m th e seafloor, in to th e w a te r co lu m n and possibly in to th e a tm o sph e re , is h ig hly va riab le and rem ains -de spite several a tte m p ts a t q u a n tific a tio n -largely u nkn ow n, even fo r sm all w e ll-s tu d ie d areas (Hovland e t al., 1993; H ornafius e t al., 1999; D im itro v, 2002; Etiope and Klusman, 2002; Etiope, 2004; Judd, 2004; Kvenvolden and Rogers, 2005; Luyendyk e t al., 2005; Bange, 2006; Kessler e t al., 2006) .
C urren t estim a tes o f global m e th a n e fluxes fro m th e seabed to th e a tm o sp h e re va ry b e tw e e n 0.4
and 48 Tg yr"1 (Judd, 2004) are th e u n ce rta in tie s regarding i) th e to ta l area invo lved in active seepage, and ii) th e te m p o ra l v a ria b ility in seep in te n s ity and a ctivity.
Recent studies have show n th a t m eth an e tra n s fe r fro m m arine and lacu strin e seeps to th e a tm o sp h e re is o n ly e ffe ctive w he n m eth an e is tra n s p o rte d by bubbles released in re la tiv e ly shallow w a te r (< 100 m w a te r d e p th ) (Leifer and Patro, 2002 s ig n ifica n t vo lu m e s o f m e th a n e to be tra n s fe rre d to th e a tm o sp h e re fro m deeperw a te r seeps (> 100 m w a te r d e p th ) (Judd, 2004;  M cG innis e t al., 2006; Judd and H ovland, 2007 ).
The increased s c ie n tific in te re s t in m arine gas M u ltib e a m and side scan sonar surveys also d e te c t changes in th e se a flo o r m orph olo gy, w hich can m ark th e lo ca tio n o f gas seeps (e.g. pockm arks, m ud volcanoes) (Judd and H ovland, 1992; Judd and H ovland, 2007) . F urth e rm o re , seeps can be in fe rre d fro m shallow seism ic signatures in d ica tive o f fre e gas in th e subsurface (e.g. sh allow gas fro n ts , enhanced refle ction s, acoustic blanking) o r p o te n tia l gas or flu id co nd uits (e.g. fa u lts , diapirs) (Judd and H ovland, 1992; Orange and Breen, 1992; Yun e t al., 1999; Garcia-Gil e t al., 2002; Van Rensbergen e t al., 2002; Krastel e t al., 2003; N audts e t al., 2006; Judd and H ovland, 2007) . D irect loca liza tion o f seeps, i.e. locations o f bubble release, is p e rfo rm e d by echosounders th a t d e te c t gas bubbles in th e w a te r co lu m n due to th e acoustic im pedance c o n tra s t b e tw e e n w a te r and th e fre e gas in th e bubbles (Egorov e t al., 1998 In th is paper, w e exam ine th e cause o f a no m a lou sly high acoustic b ackscatter and its re la tio n -in space and tim e , and th ro u g h w hich
processes-w ith gas ve n tin g on th e sh elf o f th e D nepr paleo -de lta, N W Black Sea. W e use m u ltib e a m b ackscatter and b a th y m e try data, as w e ll as side scan sonar images, ve ry-hig hre so lu tio n seism ic data, se d im e n t cores, visual o bse rva tion s and single-beam seep d e te c tio n .
O ur data and results co n firm th a t acoustic se a flo o r b ackscatter analysis can be used as a pro xy fo r seep d is trib u tio n and seep a c tiv ity (G re in e rt e t al., 2010).
Study area
The p aleo -de lta o f th e D nepr River is located on th e o u te r sh e lf and u p p e r c o n tin e n ta l slope o f th e n o rth w e s te rn Black Sea, w e s t o f th e
Crim ea Peninsula (Fig. 4 .I.A .). The region is w e llkn ow n fo r a b u n d a n t gas seeps, ca rb on ate b uildu ps and shallow gas (P o lika rp ov e t al., s tra tig ra p h y and se d im e n t p ro p e rtie s , and by th e presence o f gas h ydrates acting as a seal and p re ve n tin g u pw a rd m ig ra tin g gas to be released as bubbles in th e w a te r co lum n (N audts e t al.,
2006).
This stu d y focuses on a sm all (3.96 km by 3.72 km) p a rt o f th e co n tin e n ta l shelf, ce nte re d on a dense seep and p ockm ark site a t -92 m w a te r d e p th (Figs. 4 .1 .B. and 4 .1 .C.). The area is characterized by a s lig h tly u n d u la tin g se aflo or th a t dips g e n tly a t 0.55° to th e SE u n til it intersects th e sh elf break a t -105 m w a te r d e p th . W ith in th is area, 605 a ctively bub bling m e th a n e seeps w e re d e te c te d in w a te r dep ths ranging fro m -72 m to -156 m (Fig. 4 .1 Sea's fre s h -w a te r phase. as an assum ed se dim e n t-g rain d ensity. O n-shore ion c h ro m a to g ra p h y analyses w e re used to m easure su lfa te co n ce n tra tio n s; Ca was analyzed by ICP-OES.
A fte r e x tra c tio n o f th e pore w aters, fiv e se d im e n t sam ples re p re se n tin g each c e n tim e te r o f th e u p p e rm o s t 5 cm o f each core w e re used fo r grain-size analysis. Samples w e re sieved w e t on a 50 pm sieve and dried . The d rie d coarse fra c tio n s w e re d ry sieved on 600, 500, 425, 355, 300, 250, 180, 150, 125, 106 and 90 pm sieves.
Since th e se d im e n t sam ples w e re rich in shells and shell debris, ca rb o n a te and o rganic m a tte r w e re n o t chem ica lly rem ove d, to ensure th a t th e ir possible c o n trib u tio n to g e n eratin g b ackscatter was n o t o m itte d .
Visual seafloor observations
Visual The w a ve -like p a tte rn consists o f lo w -to highb ackscatter values th a t va ry b e tw e e n -2.4 and 1.9 BU and corresponds to th e fie ld o f se d im e n t dunes (Fig. 4 .1 .B.), w hich g en erally display th e hig he r b ackscatter values on th e ir ENEo rie n ta te d flanks (Fig. 4.3. ). There is no obvious c o rre la tio n b e tw e e n seep d is trib u tio n and th e b ackscatter p a tte rn re la te d to th e se d im e n t dunes.
W h e n co m p aring th e cu m u la tiv e percentage 
Seismic observations
The seism ic data show th e presence o f a d is tin c t "gas fr o n t" , w h ich m arks th e to p o f th e fre e gas zone in th e se dim ents ( Shallow gas fro n ts (dashed w h ite line) occur at m edium -and high-backscatter areas associated w ith seeps (arrows), whereas deep gas fro n ts occur at low -backscatter areas w ith o u t seeps. Bubbles recorded as noise in th e w a te r colum n on the sub b o tto m data (SB 1 & 2) som etim es blank o u t th e side scan sonar recordings (see NE o f SB1) (Fig. 4 .4 .B.) .The e xte n t o f SB2 shown in Figure 4 .8. is indicated. TA (mM) 
Pore-water and grain-size analysis
The p o re -w a te r analyses o f th e 4 m ulti-cores, ta ke n a t sites o f d iffe re n t b ackscatter in te n sity, show sig n ifica n t d ifferen ce s (Fig. 4 .5.). Core MC4 w as ta ke n d ire c tly a t a bacterial m a t w ith bub ble release inside a hig h-b acksca tte r area (0.9 BU), w hereas MC7, MC8 and MC9 w e re ta ke n in n o n seeping lo w -to ve ry-h ig h -b a cksca tte r sites (-1.3 BU, 0.5 BU and 2.4 BU, respectively) (Fig. 4 .1 .D.
and Fig. 4.2. ). It has to be sta te d th a t a core o nly re p re se n t a sm all subsam ple (0.0314 m 2) o f th e area o ver w hich th e b ackscatter value was m easured (25 m 2).
Core MC4 had lim ite d p e n e tra tio n , w ith o nly 5 cm co m p ared to a t least 17 cm fo r th e o th e r th re e cores. M e th a n e co n c e n tra tio n s increase w ith d e p th in all fo u r cores: ve ry s lig h tly in MC7 ( Fig. 4.5. ). E quivalent tre n d s can be seen fo r th e increase o f su lfid e and to ta l a lk a lin ity (TA) and th e decrease o f su lfa te w ith d e p th (Fig. 4. 
5.).
A m m o n iu m show s a c o n s ta n t increase w ith d e p th fo r MC7, MC8 and MC9; w hereas th e co n c e n tra tio n s fo r MC4 are g en erally m uch lo w e r w ith o nly a slight increase w ith d e p th ( Fig 4. Black Sea Seeps: Backscatter and Carbonates 4.5.). Calcium co n ce n tra tio n s are re la tiv e ly co nsta nt; o n ly in MC4 a d is tin c t decrease w ith d e p th is observed (Fig. 4 .5.). In a d d itio n , w a te r sam ples w e re ta ke n fro m th e core lin e r above th e se d im e n t surface. Cores MC4, MC8 and MC9
show changes b e tw e e n th e p o re -w a te r and b o tto m -w a te r data, w hereas core MC7 a lm ost show s no changes w ith respect to th e b o tto mw a te r co n ce n tra tio n s (Fig. 4.5.) . 
Visual seafloor observations
Visual o bse rva tion s g en erally show a ra th e r fla t, fe aturele ss se aflo or w ith a m ic ro -re lie f o f a fe w ce n tim e te rs. th e h ig h -to ve ry-h ig h -b a cksca tte r areas and w ith shallow gas fro n ts (Fig. 4.9 ., fo r th e e x te n t o f SB2 in Fig. 4 .9. see Fig. 4 
.4.). A lm o s t no bacterial
m ats occur w ith in th e lo w -b a cksca tte r areas.
G enerally, d u rin g th e visual o bse rva tion s no bubbles w e re observed being released fro m th e bacterial m ats, w h ich is in a g re e m e n t w ith th e absence o f s ing le-be am -de te cted seeps a t th e b a c te ria l-m a t locations (Fig. 4.9. ). Bacterial mats occur solely at high to very-high-backscatter areas.
4. Black Sea Seeps: Backscatter and Carbonates th a t AO M is th e o n ly su lfate -co n sum in g process.
From th e o th e r cores, o n ly MC9 show s evidence o f AO M , w ith changes in su lfate, su lfid e and m e th a n e b e lo w 6 cm se d im e n t d e p th . The su lfa te decrease is 2.4 h ig he r th a n th e sulfide Once MDAC fo rm a tio n has sta rted , ongoing p re c ip ita tio n m ay re su lt in clogging flu id p athw ays and also b locking th e m ig ra tio n o f fre e gas th ro u g h th e sedim ents, th u s fo rc in g bubbles to m ig ra te la te ra lly to w a rd s th e edge o f th e ca rb on ate crust o r ca rb o n a te -ce m e n te d sedim ents. T h e re fo re bubbles are o fte n released a t th e edge o f large bacterial m ats (Figs. 4 . 7 .E. 
Controls on acoustic seafloor backscatter
The high to ve ry-h ig h -b a cksca tte r areas in o u r stu dy area o fte n co incide w ith pockm arks, th e re fo re th e angle o f incidence and th e m o rp h o lo g y o f th e se aflo or could be a p rim e fa c to r causing th e hig h-b acksca tte r re tu rn (Fonseca, 2001; Fonseca e t al., 2002) . Fonseca e t al. (2002) p ostu late d , how eve r, th a t in sh allow w a te r (< 100 m w a te r d e p th ) th e in te rfa ce b ackscatter is severely reduced due to th e decrease in se d im e n t sound speed. The gain in vo lu m e backscatter due to th e presence o f m e th a n e bubbles is in s u ffic ie n t to com p en sate fo r th e loss in interface backscatter, resu ltin g in a n e t decrease in th e to ta l b ackscatter response. Since th e w a te r d e p th in o u r stu dy area is g en erally less th a n 100 m, fre e gas p re sen t in th e se aflo or Grain-size and shell fra g m e n t d is trib u tio n could be o f im p o rta n ce since th e fra c tio n > 50 pm consist solely o f shell fra g m e n ts. H ow ever, th e d iffe re n c e in grain-size d is trib u tio n b e tw e e n th e cores is to o sm all to cause th e observed d ifferen ce s in backscatter response.
A u th ig e n ic carbonates are kn ow n to be m a jo r c o n trib u to rs to se a flo o r roughness and acoustic im pedance co n tra s t in seep areas, and th u s also to acoustic b ackscatter in te n s ity (Orange e t al., 2002; Johnson e t al., 2003; H olland e t al., 2006) . areas o n ly occur in b etw e e n th e channels, w h e re th e sub-surface gas fr o n t reaches th e s e d im e n t-w a te r in te rfa ce and w h e re active seepage takes place, accom panied by b acte ria lm a t g ro w th and a u th ig e n ic ca rb on ate fo rm a tio n , as a re su lt o f th e h ig he r m eth an e fluxes and th e associated AO M (Fig. 4.11. ).
Conclusions
The 600 active m eth an e bubble-rele asing seeps 
Additional inform ation
Lieven N audts processed and in te rp re te d m ost o f th e datasets, w ro te th e m a n u scrip t and 
